Context: Preoperative localisation of insulinoma improves cure rate and reduces complications, but may be challenging. Objective: To review diagnostic features and localisation accuracy for insulinomas. Design: Cross-sectional, retrospective analysis. Setting: A single tertiary referral centre. Patients: Patients with insulinoma in the years 1990-2009, including sporadic tumours and those in patients with multiple endocrine neoplasia syndromes. Interventions: Patients were identified from a database, and case notes and investigation results were reviewed. Tumour localisation by computed tomography (CT), magnetic resonance imaging (MRI), octreotide scanning, endoscopic ultrasound (EUS) and calcium stimulation was evaluated. Main outcome measure(s): Insulinoma localisation was compared to histologically confirmed location following surgical excision. Results: Thirty-seven instances of biochemically and/or histologically proven insulinoma were identified in 36 patients, of which seven were managed medically. Of the 30 treated surgically, 25 had CT (83.3%) and 28 had MRI (90.3%), with successful localisation in 16 (64%) by CT and 21 (75%) by MRI respectively. Considered together, such imaging correctly localised 80% of lesions. Radiolabelled octreotide scanning was positive in 10 out of 20 cases (50%); EUS correctly identified 17 lesions in 26 patients (65.4%). Twenty-seven patients had calcium stimulation testing, of which 6 (22%) did not localise, 17 (63%) were correctly localised, and 4 (15%) gave discordant or confusing results. Conclusions: Preoperative localisation of insulinomas remains challenging. A pragmatic combination of CT and especially MRI predicts tumour localisation with high accuracy. Radionuclide imaging and EUS were less helpful but may be valuable in selected cases. Calcium stimulation currently remains useful in providing an additional functional perspective.
Introduction
Insulinoma is reported to be the most common cause of hypoglycaemia in patients who are well without systemic illness, once factitious hypoglycaemia has been excluded (1) . However, it is a rare tumour, with an estimated incidence of 4 per million population per year (2) .
The clinical diagnosis of hypoglycaemia is generally based on Whipple's triad: the occurrence of symptoms consistent with hypoglycaemia, a low plasma glucose concentration at the time of symptoms and the relief of symptoms associated with the correction of the hypoglycaemia. The diagnosis of hyperinsulinaemic hypoglycaemia is established by demonstrating inappropriately high serum insulin concentrations during fasting hypoglycaemia, specifically a prolonged supervised fast (3) . The original suggested diagnostic criterion for an insulinoma was an insulin level O6 mU/l in the presence of hypoglycaemia, measured by a double-antibody RIA with a lower limit of detection of 5 mU/l (4, 5) . With the introduction of new highly specific insulin assays, lower levels of insulin have been detected in patients with insulinomas, and thus, new lower diagnostic criteria have been proposed by some groups (1, (6) (7) (8) . A recent consensus set of guidelines for the diagnosis of inappropriate hyperinsulinemia in the presence of documented hypoglycaemia have proposed a diagnostic threshold of plasma insulin of 3 mU/l (9) . The diagnosis of insulinoma rests on the combination of hyperinsulinaemic hypoglycaemia and the exclusion of alternative diagnoses (for example, by measurement of C-peptide to exclude exogenous insulin administration, and measurement of a plasma or urine sulphonylurea screen to exclude the covert use of such medications, although not all oral hypoglycaemic agents, for example repaglinide, can be detected in this way) (9) .
At the time of diagnosis, the vast majority of insulinomas are small, intra-pancreatic and curable by surgery. It might be supposed that preoperative localisation improves the chance of cure and reduces the likelihood of complications, although there is a lack of study data to support this contention. Such localisation can prove to be a clinical challenge. Crosssectional imaging techniques such as computed tomography (CT) scanning and magnetic resonance imaging (MRI) have been extensively used, but published data have not in general shown these to be particularly accurate, with reported sensitivities in the range 17-50% (10-12), although occasional series suggest sensitivities much higher. For example, a CT sensitivity of 94% using multidetector scanning and fine reformats has been demonstrated (13), while MRI sensitivities have been described of 79% for delayed enhanced T1-weighted images (14) or with the use of combined sequences up to 85% (15) . Endoscopic ultrasound (EUS) is evolving and improving, and may provide an opportunity for histological diagnosis, but this semi-invasive technique is highly dependent on operator experience (16, 17) . Selective intra-arterial injection of the pancreatic arteries with calcium and hepatic venous sampling for insulin, first introduced 17 years ago (18) , correlates anatomy with function, and in many series, it appears to be the most sensitive method for regionalisation of insulinoma. In a previous series of 25 surgically proven sporadic insulinomas, calcium stimulation correctly regionalised 88% of tumours, compared to MRI in 43% and CT in only 17% (19) , and this high diagnostic accuracy was maintained in a recent update on a further 45 patients (20) .
The relative rarity of insulinomas means that the majority are diagnosed and managed in tertiary referral centres. The organisation of randomised controlled trials in such a small patient pool is notoriously difficult. It therefore remains instructive to review the information collected by centres with the experience of managing these rare neuroendocrine tumours. Recent case series have been published examining both secular trends in the presentation and diagnosis of insulinoma (21) , and have also reported on the relative accuracy of several methods of localisation (20) . We have previously reported that MRI appears to be increasingly accurate in demonstrating small pancreatic tumours (22) .
These single-centre series provide useful information, and we thought it useful to review data for diagnosis and localisation of insulinoma from our centre, and to learn lessons from any important similarities and differences.
Subjects and methods
We carried out a retrospective review as a single-centre study (audit number 08/85 Barts and the London NHS Trust).
Subjects
For evaluation of diagnostic data, inclusion criteria were all patients with a biochemical diagnosis felt to be consistent with insulinoma (or with sufficiently persuasive data accompanied by a very suspicious clinical history). For analysis of localisation of insulinoma, the patient group was restricted to those who had been treated surgically and in whom subsequent histological analysis confirmed an insulinoma. We reviewed data from all eligible patients presenting to our centre over a 19-year period (1990-2009 ). We included patients with tumour-prone syndromes such as multiple endocrine neoplasia (MEN-1 and MEN-2) syndromes, in whom the relevant data were available, but as the natural history and more intensive surveillance protocols in these patients affect the diagnostic and treatment pathways, many did not fulfil the eligibility criteria. Patients included were those with a biochemical diagnosis of insulinoma, in whom localisation studies were carried out in order to direct the surgical approach.
Biochemical diagnosis
Case notes were reviewed for demographic characteristics, clinical history and relevant biochemical investigations. Symptomatic hypoglycaemia (%2.2 mmol/l) together with elevated plasma insulin and elevated C-peptide levels was confirmed by means of a prolonged supervised fast and/or a glucose tolerance test (this has more recently been replaced by a mixed-meal test). Other causes of hypoglycaemia were excluded by the usual methods.
Anatomical localisation
Non-invasive localisation investigations included CT and MRI. CT imaging was performed using an eightslice multidetector CT scanner (Lightspeed ultra, GE Healthcare, Chalfont St Giles, Buckinghamshire, UK) but several earlier studies were performed on a single-slice CT scanner (HiSpeed ZXi GE Healthcare). The imaging protocols were not standardised. Institutional protocols were revised over the period of data collection, and external studies sent into the hospital were imaged with variable protocols. Where possible, i.v. contrast had been administered and a triple-phase CT scan of the pancreas was obtained. At our institution, MRI was performed using a 1.5 Tesla scanner (early studies on GE and later studies on Phillips scanners). The routine MR sequences including axial T1-weighted, axial T2-weighted and axial T1-weighted images with fat saturation before and after i.v. administration of gadolinium were obtained. The choice of imaging modalities was pragmatic and dependent on the quality of available studies, but the majority of patients had both investigations. The images were routinely reviewed in a joint radiology/endocrinology clinical meeting. Octreotide imaging was performed in the Nuclear Medicine Department using 111 Indium-octreotide (Octreoscan), and the results were reviewed in a multidisciplinary team meeting including a Nuclear Medicine specialist. The use of the technique was physician dependent but not limited to patients with non-diagnostic cross-sectional imaging. Non-functional semi-invasive studies were provided by EUS, carried out in the majority of patients regardless of results from cross-sectional imaging, due to the surgeon's preference for additional anatomical information.
Functional localisation
Selective arteriography and calcium arterial stimulation with hepatic venous sampling for insulinoma localisation used a technique adapted from the original description (19) . This technique was used in as many patients as feasible, regardless of the results of crosssectional imaging, to provide a corroborative functional perspective. After an overnight fast, non-ionic contrast was injected into the main branches of arterial supply to the pancreas, namely the common hepatic artery (CHA), gastroduodenal artery (GDA), superior mesenteric artery (SMA) and splenic artery. Intravenous 5% dextrose was used if required to maintain blood glucose above the hypoglycaemic range, but use was kept to a minimum to ensure the lowest possible background stimulation of insulin secretion. After each selective arteriogram, 10% calcium gluconate diluted to a volume of 10 ml with normal saline was injected into the artery at a dose of 0.00125 mmol Ca CC per kg body weight (0.025 mEq/kg). Based on CT/MRI, the artery most likely to supply the lesion seen on imaging was injected last. Samples were obtained before and at intervals after calcium injection from the hepatic vein and kept on ice until they could be centrifuged, and the resulting plasma was stored at K20 8C.
To interpret the calcium stimulation test, an increase in insulin concentration from baseline to peak of twofold or greater constituted a positive response (19) . In the absence of anatomic variants, a positive response following injection into the CHA, GDA or SMA predicts a lesion in the head of the pancreas, while a positive response following splenic artery injection predicts a lesion in the body or tail of the pancreas. When a positive response was seen in more than one artery, by convention, the territory with the greatest insulin rise was used to predict regionalisation (20) .
Surgical localisation and pathological examination
Surgery was planned and carried out on the basis of the results of all the investigations in combination. In cases where there was doubt, full pancreatic exploration was carried out at surgery including the use of intraoperative ultrasound. Localisation of the lesion at the time of surgery was noted. The diagnosis was made on routine haematoxylin and eosin staining and confirmed immunohistochemically with neuroendocrine markers including CD56 and chromogranin. Pancreatic hormonal expression was always tested, but the presence or absence of insulin was not considered to be a diagnostic feature. Features such as tumour size and number of mitoses (as a surrogate for malignant potential) were evaluated by a departmental pathologist. The anatomical and functional localisation techniques were compared to the intra-operative findings.
Data analysis
The basic data were analysed using descriptive statistics and are presented as meansGS.D.
Results

Overall demographics and patient flow
Thirty-seven instances of biochemically or histologically likely insulinoma were identified in 36 different patients. Of these, 32 cases were thought to be sporadic (one insulinoma being a recurrence following biochemical cure), while a further five were detected in patients with MEN-1, either diagnosed prior to the insulinoma or concurrent with the diagnosis (Table 1) . Data obtained in our institution were included in the analysis, as were any investigation results re-evaluated at our centre (for example, imaging performed elsewhere but reviewed at our centre).
Diagnostic data Data were available on a total of 34 prolonged supervised fasts, while a further three were diagnosed serendipitously. Of the 23 patients with data available regarding the length of the prolonged fast, one patient had a negative prolonged supervised fast, and was diagnosed on the basis of reactive hypoglycaemia with inappropriately elevated insulin: 12 fasts (52.2%) were terminated within 24 h, 10 (43.5%) between 24 and 48 h, and none between 48 and 72 h. All patients achieved a blood glucose !2.2 mmol/l in order to fulfil the diagnostic criterion ( Table 1 ). The mean glucose at the termination of the fast was 1.7G0.3 mmol/l. Thirty-two of the patients had a diagnostic level of insulin O3.0 IU/l, with one further borderline result and one in whom hypoglycaemia was never achieved during the prolonged fast (and who was diagnosed on the biochemical data from a meal test). The mean C-peptide at the time of hypoglycaemia was 1044.6 pmol/l with a range of 297-3215 pmol/l. Chromogranin A was available for 12 of the cases and was elevated above the upper limit of the normal range on at least one occasion in nine of the subjects (75%).
Demographics
Of the 37 cases of insulinoma, seven were managed medically. These cases were excluded from the analysis of the accuracy of localisation techniques as they lack surgical and histological corroboration. One of these was a patient with MEN-1 who presented with widespread metastases. Of the sporadic cases, one was excluded because presentation with widespread metastases prompted a non-surgical approach, while one was managed with diazoxide when open laparotomy, even with the aid of intra-operative ultrasound, failed to localise the lesion (the exclusion being based on the absence of surgical localisation against which to measure the accuracy of the investigations); the remaining four were managed medically because of a combination of uncertainties in localisation and patient preference for, and tolerance of, conservative treatment.
Of the 37 cases, 36 were first presentations, while one was a recurrence after surgery: 23 were in females and 14 were in males (including the recurrence), and the mean age at the time of biochemical diagnosis was 46.0G13.7 years, with a range of 20.9-77.3 years.
Tumour information
Thirty cases were treated with surgical resection at open operation. Overall, 13 patients underwent enucleation of the tumour, nine patients underwent distal pancreatectomy, six had pylorus-sparing pancreaticoduodenectomy, and two had other or combined procedures: 20 of the patients had intra-operative ultrasound at the time of surgery. Data on tumour size were available for 26 of these tumours. Three of the tumours were !1 cm in diameter (11.5%), 18 were 1-2 cm (69.2%) and 5 were O2 cm (19.2%). Fifteen were found in the head or uncinate process (50%), while 14 were found in the body or tail of the pancreas (43.3%) and one was found at the junction of the neck and body (Table 1) . Immunohistochemistry was available for 28 of the cases, with the stains applied varying slightly over time. Ninety-six percent of these were positive or weakly positive for insulin (Table 2) , and there was variable weak positivity for other pancreatic hormones such as glucagon and pancreatic polypeptide (PP). The degree of malignant potential as expressed by the Ki-67 score was determined in 16 of the cases: it was expressed as !1% in eight cases, !2% in four cases, and in two cases with each of Ki-67 !5 and !20%.
Localisation data
Cross-sectional imaging Cross-sectional imaging was available in all 30 cases, either performed prior to referral and reviewed at our centre, or carried out during the process of investigation. Twenty-five patients had CT imaging (83.3%), while 28 had MRI (93.3%), and therefore, 24 (80%) patients underwent both types 
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www.eje-online.org of imaging. A pragmatic approach was adopted depending on quality and localisation information that could be obtained from prior imaging. Of the CT scans carried out, 16 correctly localised the lesion (64%), while eight CT scans (32%) failed to localise the lesion; one scan gave a confusing result with two lesions identified. Of the MRI scans carried out, 21 correctly localised the lesion (75%) (example shown in Fig. 1 ). Four MRI scans (14.2%) failed to localise the lesion. However, three scans localised a lesion incorrectly. The pragmatic use of the combined approach ensured that 24 of the lesions were localised correctly by imaging prior to surgery (80%). Five lesions were correctly localised on MRI but were not visible on CT scanning, while two lesions were visible on CT scanning but not detected by MRI (although in one of these cases, MRI localisation was hampered by marked gut-movement artefact).
Re-analysis of the data, to include cases which were biochemically diagnosed but not histologically proven, also encompasses cases that were managed medically. The rationale for this is that the absence of localisation is likely to have played a part in the withholding of surgery. Excluding from this the patients with widespread metastases at the time of diagnosis (for whom localisation was evident), the data demonstrated for CT a corrected localisation accuracy of 16 cases out of 28 (57%) and for MRI a corrected detection rate of 21 cases out of 31 patients (66%).
Nuclear medicine Twenty patients had radiolabelled octreotide scans performed. Of these, ten scans (50%) were negative (50%) and ten scans (50%) were positive. Five of the positive scans localised a lesion concordant with the final surgical location, while five were not useful predictors of the final surgical location. Octreotide scanning had been carried out in three of the four cases in which cross-sectional imaging (CT and MRI) was unable to localise the lesion, and in none of these cases did the nuclear medicine imaging add further diagnostic information.
Endoscopic ultrasound Data were available on a total of 26 EUS scans performed to localise the insulinoma. Where cross-sectional imaging was also available, the results would have been available to the endoscopist prior to the procedure. Seventeen of these procedures correctly localised a lesion (65.3%) but in five cases no lesion was seen (19.2%); in addition, there were a further four cases in which a lesion was correctly identified but in which a further lesion was also noted, not subsequently confirmed at operation (false positives), resulting in some confusion (15.3%). EUS had been carried out in three of the four cases in which cross-sectional imaging (CT and MRI) was unable to localise the lesion. In one of these cases, EUS was also negative; in one case, the EUS demonstrated a lesion concordant with the final surgical localisation, and in one case, the EUS demonstrated a lesion that was in a pancreatic region discordant with the final surgical localisation.
Calcium stimulation catheter Twenty-seven patients had calcium stimulation testing, although two of these were incomplete as it was not technically possible to cannulate one of the arteries. Of the studies, six gave a non-regionalising response to calcium injection (22.2%); 17 of the findings were concordant with the final histological localisation (62.9%). However, four studies (14.8%) gave discordant results with the final regionalisation of the lesion being different to the territory of insulin rise or unhelpful. No obvious technical difficulty with these particular studies was noted.
For the six patients in whom imaging failed to confirm localisation of the insulinoma, in three cases calcium stimulation provided additional helpful information for regionalisation. In three further cases, the calcium stimulation test did not provide additional value, or indeed confused the situation further. Localisation information is summarised in Fig. 2 . No significant adverse events were recorded as a consequence of calcium stimulation testing.
Discussion
The classical diagnostic test for insulinoma has been provocation of hypoglycaemia by a supervised fast which may last up to 72 h. However, there is increasing economic pressure to demonstrate Whipple's triad without a 3-day admission, and reports from some centres have suggested that up to 83% of patients with subsequent insulinoma diagnoses are hypoglycaemic within the first 22 h of the fast, enabling the procedure to be carried out under out-patient supervision (21) . The majority of our patient cohort required a fast O24 h; this may reflect in part the less stringent criteria for termination of the fast applied in other cohorts, such as 3.3 and 2.75 mmol/l (21). For the cohort of patients, increasingly recognised, with strong post-prandial symptoms but a negative fast (around 5% of patients), a mixed-meal test does appear to be the most physiological investigation (9) .
Once the biochemical diagnosis of a probable insulinoma has been established, localisation investigations can greatly aid management decisions. Non-invasive methods such as abdominal ultrasound, CT scanning and MRI have the advantage of being simple and quick to perform with few potential complications. However, non-functional pancreatic nodules may occur incidentally, and these methods do not corroborate structural abnormality with hormone secretion (23) . Several series have reviewed the accuracy of these methods for localising the lesion; for example, in a recent series of 237 patients, the accuracy of CT was 55% and of MRI was 42% in tumour localisation (21) . In another series of 39 sporadic cases of insulinoma, the accuracy of CT scanning was 35% with a false negative rate of 49% and a false positive localisation rate of 16%. For MRI, the accuracy was 30% with a false negative rate of 57% and a false positive rate of 13% (20) . While some small radiological series have suggested greater sensitivity for both CT and MRI (13, 15) , in general, the low accuracy of cross-sectional imaging has in part driven the development of more invasive methods. The differences in the series may relate to the relatively small size of many insulinomas at the time of diagnosis. Indeed, in our series, nearly 80% of histologically proven tumours were !2 cm in diameter, broadly compatible with other series. Interestingly, however, in our group of patients, the accuracy of cross-sectional imaging for localisation was higher, with 65% accuracy for CT and 74% for MRI. This is comparable to another recent small UK series of 20 patients (10), in which the sensitivity of MRI was noted to be 71%. However, in this study, when the accuracy of localisation by this method was evaluated, the accuracy was only 56%. In a further UK series of 28 patients, the tumour detection rate for MRI was also 71% (12) . In our series, when both CT and MR modalities were used together as part of a pragmatic approach in which almost all patients with a sporadic tumour were investigated, 80% of patients with a confirmed histological diagnosis had their insulinoma correctly localised.
EUS was introduced as a more invasive procedure which, while also being an anatomical rather than a functional technique, with the advent of biopsy via the endoscope can in some cases provide histological information. The accuracy in one large series of insulinoma patients was calculated to be 75% (21) . However, this modality is highly operator dependent. In our series, 80.7% of the tumours were localised. This included 13.3% of the total who had confusing results in that in addition to the lesion correctly identified, a further lesion was incorrectly noted elsewhere in the pancreas. In addition, there were 24% false negative localisations. In the case of radiolabelled octreotide scanning, the octreotide uptake prevalence of 50% is less operator dependent, but instead the low localisation rate is contingent upon the majority of tumours lacking a high density of somatostatin receptors. Our findings are concordant with most of the published literature (24) . The relative frequency of confusing results could suggest that this is a tool best kept in reserve for cases in which localisation is proving difficult, and requires the maximum possible weight of evidence, but even in such cases in our series, octreotide scanning added little in terms of localisation. More recent literature suggests additional sensitivity with the use of 18 F-DOPA PET scanning (25) , while preliminary evidence suggests a role for scanning with a radiolabelled GLP-1 analogue exendin (26, 27) .
Selective pancreatic intra-arterial calcium injections to localise islet cell tumours were introduced in the 1980s (18) . The success of the investigation relies on several assumptions, including that the tumour will have a dominant arterial supply, that calcium evokes a characteristic response of coordinated discharge of vesicles from the entire syncytium of tumour cells, and that the remainder of the b-cells will be suppressed from the chronic hormone hypersecretion. As well as the theoretical advantage of corroboration of structure and function, accuracy rates are reported to be very high, with figures of 93% (21) and 89% (20) being quoted. However, it should be pointed out that to be accurate this is regionalisation rather than true localisation. A number of series have reported the additional value of this test in localisation, particularly in cases where non-invasive methods have been unsuccessful (12) Our series provides some cautionary evidence that accuracy is not always 100%, and given that the procedure is not without risk, there may be merit in reserving this investigation for cases where non-invasive localisation results have been contentious. Given the relatively high accuracy for MRI in our series, prospective studies evaluating radiological confidence in the findings against the final outcome may allow prediction of which patients require invasive investigations in addition. This may in turn reduce the radiation exposure to the patients and also the overall cost of the diagnostic episode (10) .
The results from the MEN patients are difficult to compare due to the small numbers within the cohort. In general, many such patients present with incidental findings of pancreatic nodules and undergo one or more prior pancreatic resections, making further preoperative localisation strategies challenging. For this group of patients, the conclusions regarding insulinoma localisation in sporadic cases are unlikely to be suitable for extrapolation.
In summary, while the diagnosis of an insulinoma has become increasingly consensual, and diagnostic algorithms are well established, preoperative localisation remains difficult. Individual institutions have developed particular expertise in specific techniques, such as EUS, but these may not readily transfer to other centres where such techniques are less commonly used. We and others have increasingly come to rely on the calcium stimulation catheter technique as the final arbiter, and indeed, it is one of the most useful means of functional regionalisation. However, our present series demonstrates that it too is not always accurate, and we have been impressed at the increasing usefulness of cross-sectional imaging, especially recent trends in MRI. We suggest that increasing confidence with MRI, novel sequences including diffusion-weighted imaging and novel software programs, will lead to this technique being used as an anatomical localisation technique complementary to functional imaging with calcium stimulation.
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